Guo et al. Cell Communication and Signaling (2025) 23:148 Cell Communication
https://doi.org/10.1186/512964-025-02148-5 . .
and Signaling

Platelet glycoprotein VI promotes folic @
acid-induced acute kidney injury through
interaction with tubular epithelial cell-derived
galectin-3
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Abstract

Background Acute kidney injury (AKI) is defined by a significant reduction in renal function, which subsequently
impairs coagulation and activates the inflammatory immune response, ultimately resulting in damage to renal tubular
epithelial cells (TECs). Platelets are crucial in mediating both inflammatory and coagulation processes. While it is
established that platelet activation contributes to the progression of AKI, the precise mechanisms underlying this
relationship remain largely unclear.

Methods We investigated platelet function in folic acid-induced acute kidney injury (FA-AKI) and examined the
effects of galectin-3, a protein derived from renal tubular epithelial cells (TECs), on its interaction with platelet
glycoprotein VI (GPVI). This interaction was assessed through the analysis of monocyte migration, macrophage
polarization, and the generation of monocyte-platelet aggregation. Additionally, we utilized platelet GPVI-specific
knockout mice in conjunction with TD139, a small-molecule inhibitor of galectin-3, to explore the effects of inhibiting
the galectin-3-GPVI interaction on FA-AKI.

Results In the current study, we observed that mouse platelets displayed hyperactivity in the context of functional
acute kidney injury (FA-AKI). This hyperactivity was linked to the interaction between galectin-3, which is derived

from damaged renal tubular epithelial cells (TECs), and the glycoprotein VI (GPVI) on platelets. Our findings indicated
a heightened interaction between activated platelets and monocytes, along with an increase in monocyte-platelet
aggregation (MPA) within the circulation. The increased infiltration of monocytes and platelets in renal tissue was
further validated through CD41 and CD68 immunofluorescence techniques. Additionally, the interaction between
galectin-3 and platelet GPVI was shown to facilitate monocyte migration, promote M1-type macrophage polarization,
and enhance phagocytic activity. The galectin-3 inhibitor TD139 significantly suppressed monocyte-platelet
aggregation (MPA), reduced inflammatory responses, and extended the survival of mice with acute kidney injury (AKI).
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Conclusions These findings suggest that galectin-3, which is released from damaged cells during acute kidney injury
(AKI), exacerbates renal inflammation and tissue damage by activating platelets through glycoprotein VI (GPVI). This
activation enhances interactions between monocytes and platelets, ultimately leading to the formation of monocyte-
platelet aggregates (MPA) and the polarization of M1 macrophages.
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Background

Acute kidney injury (AKI) is a prevalent clinical condi-
tion. Despite significant advancements in understand-
ing its underlying pathogenesis, recent epidemiological
studies indicate a continuing rise in the incidence of AKI
[1, 2]. The primary pathological features include injury
and death of renal tubular epithelial cells (TECs), with
inflammatory responses between injured tubular cells
and immune cells, such as platelets, contributing to the
further exacerbation of renal damage [3, 4]. However,
the precise mechanism by which injury to renal TECs
initiates renal inflammation through platelets remains
unclear.

Platelet glycoprotein VI (GPVI) is a critical adhesion
receptor located on the surface of platelets, playing a
vital role in platelet activation [5]. GPVI binds to colla-
gen and activates platelets via immunoreceptor tyrosine
activation motif (ITAM) signaling. This mechanism is
significant in both physiological and pathological pro-
cesses, including thrombosis, hemostasis, inflammation,
and other related conditions [6, 7]. Saori et al. [8] found
that in rhabdomyolysis-induced AKI, heme released
from necrotic myocytes interacted with GPVI to induce
platelet activation, thereby facilitating the formation of
extracellular traps in renal macrophages. In addition to
its essential role in inflammation, GPVI is also involved
in tumor metastasis [9]. A recent study revealed that
galectin-3, produced by tumor cells, binds to platelet
GPVI, thereby promoting distant tumor metastasis [10].
Concurrently, numerous studies have demonstrated that
galectin-3 is highly expressed in AKI and shows a posi-
tive correlation with the severity of kidney damage [11,
12]. However, it remains unclear whether galectin-3,
originating from renal TECs injury, can interact with
GPVI to exacerbate renal burden.

Platelets occupy a unique position in peripheral blood
and can mediate tissue inflammation by interacting
with various immune cell populations through distinct
receptors [13]. Increased levels of circulating platelet-
leukocyte aggregates have been observed in conditions
such as myocardial infarction [14], atherosclerosis [15]
and angina pectoris [16]. Targeting and blocking plate-
let-immune cell interactions has proven to be an effec-
tive strategy for disease mitigation. However, the role of
platelet-immune cell complexes in AKI remains poorly
understood. In the present study, it was found that MPA
was significantly increased in FA-AKI. Platelet activation

through the interaction of GPVI with galectin-3 derived
from renal TECs plays a critical role in this process. Fur-
thermore, the inhibition of galectin-3 by TD139 has been
identified as a promising new therapeutic agent for the
treatment of FA-AKL

Methods

Mouse models

GPVI (Gp6‘/ 7) knockout mice with a C57BL/6 back-
ground were acquired from Cyagen (Suzhou) Biotech-
nology Co. Gp6*/* littermate mice were bred in our
delivery facility and used as controls. Experiments using
male (6—8 weeks) animals were approved by the Animal
Experimentation Ethics Committee of Tongji Medical
College, Huazhong University of Science and Technol-
ogy. The experiments were conducted in accordance with
the eighth edition of the Guide for the Care and Use of
Laboratory Animals. Animals were housed in an envi-
ronment with controlled light and temperature, and they
had unrestricted access to food and water. In the FA-
AKI group, mice received an intraperitoneal injection of
250 mg/kg of folic acid, while the control group received
an equal volume of 0.3 mol/L NaHCO; via intraperito-
neal injection [17]. Following a 24 h treatment period,
blood and kidney tissue samples were collected from the
mice.

Renal function assessment

Blood samples were collected 24 h following an intra-
peritoneal injection of 250 mg/kg folic acid or an equiva-
lent volume of 0.3 mol/L NaHCO; to evaluate the renal
function of mice. Serum creatinine (CRE) and blood urea
nitrogen (BUN) levels in the blood samples were mea-
sured using creatinine (Nanjing Jiancheng, C011-2-1,
Nanjing, China) and blood urea nitrogen assay kits (Nan-
jing Jiancheng, C013-1-1, Nanjing, China), respectively,
following the manufacturer’s instructions. Calculated by
comparing kidney weight to mouse body weight. The kid-
ney/body weight ratio reflects changes in kidney size and
weight and is an important indicator for assessing the
pathological state of the kidneys.

Periodic Acid-Schiff (PAS), haematoxylin&eosin (HE)
staining and Sirius red staining

To assess the extent of tissue damage, kidney tissues
were immediately fixed in 4% paraformaldehyde over-
night. PAS, HE (24 h) and Sirius red (4 weeks) staining
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were performed on paraffin sections at 5 um by follow-
ing the manufacturer’s protocol with the PAS (Servicebio,
G1008, Wuhan, China), Sirius red kit (Servicebio, G1018,
Wuhan, China) and HE (Servicebio, G1005, Wuhan,
China) kits. The assessment of tissue damage was con-
ducted with blinding and was rated based on the pro-
portion of affected tubules: 0 representing no damage;
1 indicating less than 25% damage; 2 corresponding to
25-50% damage; 3 for 50—75% damage; and 4 for damage
exceeding 75%, as previously reported [18].

Preparation of platelet

Mice platelets were prepared as previously described [19,
20]. Briefly, venous blood from mice was into sodium
citrate (3.8%) in a ratio of 9: 1 (v/v), diluted with an equal
volume Tyrode’s buffer (137 mM NacCl, 2.5 mM KCl,13.8
mM NaHCO,, 0.36 mM NaH,PO,, 5.5 mM glucose and
20 mM HEPES, pH 7.4), and centrifuged at 160 g for
15 min. Platelets were collected by centrifuged the Plate-
let-rich plasma (PRP) at 550 g for 10 min in the presence
of 1 uM PGEL1 (Sigma, P5515, USA), and then platelets
were resuspended with 1 x Tyrode’s buffer for subse-
quent experiments.

Platelet functional studies

The concentration of platelets resuspended in Tyrode’s
buffer was adjusted to 300 x 10°/L. Platelet aggregation
response to agonists (collagen and thrombin) was mea-
sured using a luminescent aggregometer (Model 700
Chrono-Log) at 37 °C and 1000 rpm. ATP release was
measured using Chrono-lume reagent, and secretion of
platelet-dense granules was monitored.

For clot retraction, washed platelets were normal-
ized to a concentration of 300 x 10°/L, and then 20 mg/
mL of fibrinogen was added to 0.5 mL of platelets. Clot
retraction was induced by thrombin (2U/mL) at 37 °C
and monitored by taking pictures with a digital camera
at the indicated times. The percentage of retraction was
counted using Image] software (Media Cybernetics Inc).

For platelet spreading, 250 pL of platelets at a concen-
tration of 5x10°/L were incubated at 37 °C onto glass
coverslips coated with 50 pg/mL fibrinogen. After plate-
lets were fixed, permeabilized and blocked with 1% BSA,
they were stained with rhodamine-labelled phosphati-
dylinositide-like proteins as described previously [20].
Platelets spreading on fibrinogen-coated glass coverslips
were photographed with an Olympus optical fluores-
cence microscope, and the platelet spreading area of ran-
dom images was calculated using Image] software (Media
Cybernetics Inc).

Immunohistochemical (IHC) staining
Kidney sections were baked at 60 °C for fixation, depa-
raffinized with an environmentally friendly tissue
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deparaffinizing solution (Servicebio, G1128, Wuhan,
China) and citrate buffer for antigen repair. These kidney
sections were incubated overnight at 4 °C with anti-galec-
tin-3 (Abcam, ab76245, UK) 1:100 primary antibody. The
secondary antibody was incubated at room temperature
for 1 h. After DAB re-staining, the sections were re-incu-
bated with hematoxylin and imaged randomly.

Immunofluorescence (IF) staining

For immunofluorescence staining, kidney sections were
incubated with solutions containing galectin-3 (Abcam,
ab76245, UK) 1:100, Cytokeratin18 (Abcam, ab181597,
UK) 1:100, Laminin (Boster, BA1761-1, Wuhan, China)
1:100, y-H2AX (Proteintech, 29380-1-AP, USA) 1:100,
CD41 (Proteintech, 18308-1-AP, USA) 1:100, and CD68
(Cell Signaling Technology, 97778, USA) 1:100, F4/80
(Servicebio, G113373, Wuhan, China) 1:5000, CD34 (Ser-
vicebio, GB15013, Wuhan, China) 1:2000, MPO (Service-
bio, GB11224, Wuhan, China) 1:5000, NPHS1(Servicebio,
GB115714, Wuhan, China) 1:4000,CD31 (Servicebio,
GB120015, Wuhan, China) 1:3000, respectively. The flu-
orescent secondary antibody was stained for 1 h in the
darkroom and re-stained by DAPI for 10 min (this step
was omitted for platelets). Images were acquired with a
fluorescence microscope (Olympus).

Western blot

Total protein was extracted from platelets, cultured cells,
or the kidneys of mice using an ice-cold RIPA lysis buffer
(Servicebio, G2002, Wuhan, China). The 10% SDS-poly-
acrylamide gel electrophoresis technique (SDS-PAGE)
was employed to separate and purify the protein samples,
which were subsequently transferred to a PVDF mem-
brane (Millipore, IPVH00010, USA). The membranes
were then blocked with 5% BSA for 1 h. Subsequently,
membranes were incubated with GAPDH (Cell Signaling
Technology, 5174, USA) 1:1000, PLCy2 (Cell Signaling
Technology, 3872, USA) 1:1000, p-PLCy2 (Cell Signal-
ing Technology, 3871, USA) 1:1000, Syk (Cell Signaling
Technology, 2712, USA) 1:1000, p-Syk (Cell Signaling
Technology, 2710, USA) 1:1000, JAQ1 (emfret, MO11-
0, Germany) 1:1000, BAX (HUABIO, SZ3-07, Shang-
hai, China) 1:1500, BCL2 (HUABIO, JF104-8, Shanghai,
China) 1:2000, NGAL (Proteintech, 26991-1-AP, USA)
1:1000, y-H2AX (Proteintech, 29380-1-AP, USA) 1:1000
primary antibodies were incubated overnight at 4 °C.
HRP-bound secondary antibody bands were detected
using ECL (Biosharp, BL520A, Hefei, China). Quantifica-
tion was conducted using Image] software.

RNA extraction and real-time PCR examination
Total RNA was extracted from mouse kidney tissue using
Trizol reagent (Vazyme, Nanjing, China). The real-time
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PCR assays were performed on a Step One Plus™ system.
Primer sequences are shown in Supplemental Table S1.

Cell culture

The mice macrophage cell line Raw264.7 (Pricella,
CL-0190, Wuhan, China) was purchased from Wuhan
Pricella Life Sciences Co. The mice renal tubular epi-
thelial cell line TCMK-1 (Servicebio, STCC20015P-1,
Wuhan, China) was purchased from Sevicebio. The
bEnd.3 (QuiCell, B145, Shanghai, China) cell line,
immortalized mouse brain endothelial cells, was pur-
chased from Shanghai KuiSai Biotechnology Co. All cell
culture procedures were carried out following the manu-
facturer’s guidelines.

Supernatants containing different amounts of damaged
TECs were prepared by repeated freezing and thawing of
TCMK-1 with liquid nitrogen with or without the addi-
tion of 10 uM lactose (MCE, HY-B2123, USA) and plate-
lets were induced by the release of damaged cells.

Platelets co-cultured with Raw264.7

Raw264.7 cells (1x10°) were seeded into 6-well plates,
followed by the addition of washed Gp6*/* or Gp6~/~
platelets (1 x 10%) for co-culture experiments. Cells were
stimulated with galectin-3 (20 pg/L) for 24 h with or
without its presence. After removal of platelets by mul-
tiple washes with PBS, macrophages were harvested,
and their phenotype was analyzed by flow cytometry.
For functional evaluation, dextran phagocytosis and cell
scratch assays were conducted. In addition, a conditioned
medium was applied to trigger apoptosis in renal tubular
epithelial cells.

Flow cytometric analysis

Blood specimens were harvested from the orbital
venous plexus of mice utilizing heparin-coated capil-
lary tubes and resuspended in PBS. Samples were pre-
pared and tagged with appropriate antibodies, including
FITC-anti-mouse-CD62P (BD Biosciences, 555523,
USA) for evaluating platelet activation and FITC-JAQ1
(emfret, M011-1, Germany) for assessing GPVI expres-
sion on the platelet surface. Peripheral blood from mice
was collected, followed by the removal of erythrocytes,
and surface staining was carried out with PE-anti-
mouse-CD41 (Biolegend, 133906, USA), PE/Cya-
nine7-anti-mouse-Ly-6C (Biolegend, 128017, USA), PE/
Cyanine7-anti-mouse-CD86 (Biolegend, 105014, USA)
and PE-anti-mouse-CD206 (Biolegend, 141706, USA)
following standardized techniques to analyze platelet-
monocyte aggregation and macrophage phenotype. To
assess the quantity of apoptotic cells, cells were gath-
ered after a 24 h treatment with conditioned media from
various sources. The cell concentration was calibrated
to 1x10°/ml as per the manufacturer’s guidelines. A
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combination of 5 pL FITC and 10 pL PI was introduced
to 100 pL of cell suspension, ensuring the staining pro-
cess was shielded from light for 15 min. Then, 400 uL of
Annexin V binding solution was added. The cells were
then evaluated using a flow cytometer (BD FACSAria™ III
Cell Sorter, Germany), with the resulting data quantified
utilizing Flow]Jo 10.8.1 software.

Phagocytosis assay

Raw264.7 cells were assayed for phagocytosis after co-
culture according to the method described above. A
master solution of FITC-Dextran (Yeasen, 61220ES10,
Wuhan, China) was prepared by dissolving it in ster-
ile PBS to achieve a concentration of 25 mg/mL. Sub-
sequently, 40 uL of this stock solution was pipetted and
combined with 960 pL of DMEM culture medium sup-
plemented with 10% serum, resulting in the working
solution. Each group of cells, including the control group,
was administered 1 mL of the working solution and sub-
sequently incubated in an incubator at 37 °C with 5%
CO, for 1.5 h, protected from light exposure. Following
this incubation period, the cells were collected and cen-
trifuged at 3000 rpm for 5 min. The supernatant was then
discarded, and the cells were resuspended in 350 pL of
sterile PBS, filtered, and analyzed using a flow cytometer.

Transwell migration and wound healing assay

Transwell chambers with 8-pm pores (Corning, 3422,
USA) were utilized to conduct cell migration assays with
Raw246.7 cells in a 24-well plate. In these chambers,
Raw246.7 cells were placed in the upper layer, while the
lower layer was filled with platelets from various sources
in the presence or absence of galectin-3 for 24 h. Follow-
ing this incubation, the cells were fixed using methanol
for 30 min and subsequently stained with 0.1% crys-
tal violet for another 30 min. The number of migrating
cells was then assessed using a fluorescence microscope.
For the bEnd.3 cell wound healing assays, conditioned
medium containing platelets co-cultured with Raw246.7
cells was employed. Images of the gaps were captured at
0 h and 24 h, respectively. The migration area was mea-
sured with Image ] software.

Statistical analysis

Statistical analyses were performed using GraphPad
Prism version 10.0. Comparisons between groups were
made using t-tests or one-way ANOVAs. Pearson corre-
lation and linear regression were carried out to explore
the relationships between parameters. Survival curves
were generated using the Kaplan-Meier method and dif-
ferences between the two groups were evaluated using
the Log-rank test. Results were expressed as mean + SD,
based on at least three independent experiments. P val-
ues below 0.05 were considered statistically significant.
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Results

Platelet activity is increased in AKI

To evaluate the changes in platelet activity during AKI, a
model of AKI was established through a single intraperi-
toneal injection of folic acid, with the diagram for induc-
ing FA-AKI presented in Fig. 1A. The results showed
that the condition worsened 24 h after folic acid injec-
tion, and HE staining revealed the demise of renal TECs,
the absence of brush border, and the dilation of tubules.
The tubular injury score in model mice was significantly
higher than in control mice (Fig. 1A, D). Disease progres-
sion was correlated with the levels of blood urea nitro-
gen (BUN), blood creatinine (CRE) and the kidney/body
weight ratio (Fig. 1B, C, E). These findings indicated that
the construction of the model was successful. Staining for
the platelet-specific marker CD41 indicated higher infil-
tration of platelets in the kidneys of FA-treated mice (Fig.
S1). P-selectin (also known as CD62P) is present within
platelet granules in the resting state and is translocated to
the platelet membrane upon activation. Flow cytometry
results showed significantly elevated CD62P expression
on the platelet surface of FA-AKI mice compared to the
control mice (Fig. 1F, G). Platelet aggregation and granule
release were significantly enhanced in AKI mice under
thrombin and collagen stimulation (Fig. 1H-K). In addi-
tion, clot retraction and platelet spreading were greater
in model mice. Collectively, these findings suggest that
platelets exhibit an enhanced capacity for activation,
underscoring their critical role in AKIL

GPVlincreases in AKl platelets

Activated platelets are essential for the development
of inflammation and participate in the inflammatory
response through various mechanisms. An important
receptor on the platelets surface is GPVI, which has
been demonstrated to be crucial in the initial stages of
pulmonary thrombotic inflammation in the acute lung
injury (ALI) induced by lipopolysaccharide (LPS) [21].
Mice deficient in GPVI and mice treated with anti-GPVI
antibody showed protection against lung and systemic
damage while no increase in pulmonary hemorrhage. It
has been found that rhabdomyolysis-induced AKI, heme
released from necrotic myocytes interacting with GPVI
to activate platelet, facilitated the formation of ectopic
traps in renal macrophages [8]. To explore the function of
GPVI in AKI more thoroughly, flow cytometry and West-
ern Blotting tested the expression of GPVI on platelet
membranes and its total protein, respectively. The results
indicated that the expression levels of platelet GPVI were
significantly elevated in FA-AKI mice compared to the
control mice (Fig. 2A-D). Similarly, the downstream sig-
naling molecules PLCy2 and Syk phosphorylation were
also significantly elevated (Fig. 2E-G). These results indi-
cated that platelet GPVI upregulated and its downstream
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signaling was activated during AKI, suggesting that GPVI
may play a crucial role in the progression of the disease.

GPVI knockout alleviates folic acid-induced AKI

To investigate the pathological contribution of GPVI
to FA-AKI, GPVI knockout (Gp6‘/ ”) mice were used
to assess how the absence of GPVI influences AKI. The
knockout of platelet GPVI was verified at the protein
level (Fig. S2A). GPVI deficiency did not affect thrombin-
induced platelet aggregation but was unresponsive to
convulxin stimulation (Fig. S2B-C). In addition, no signif-
icant differences were observed in platelet count, mean
platelet volume, platelet distribution width and bleeding
time (Fig. S2D-G). Meanwhile, the physiological func-
tions of the kidney were not affected (Fig. S2H-J). The
results of HE, PAS and Sirius red staining indicated that
the lack of GPVI lessened the renal damage and colla-
gen accumulation in FA-AKI (Fig. 3A-C). CRE and BUN
assays showed that GPVI deficiency improved renal func-
tion (Fig. 3D, E). Folic acid-treated mice exhibited ele-
vated protein and mRNA levels of NGAL, a biomarker of
renal tubular injury. In contrast, GPVI knockout demon-
strated significant improvement and a reduction in renal
cell apoptosis (Fig. 3F-K). Similarly, the positive regions
identified through terminal deoxynucleotidyl transferase-
mediated dioxyindigo deoxyuridine nick end labeling
(TUNEL) assay were significantly diminished in GPVI
knockout mice. This observation suggests that the dele-
tion of GPVI may confer a protective effect in FA-AKIL
(Fig. 3L, M).

TECs derived galectin-3 induces platelet activation
through GPVI pathway

A recent study showed that galectin-3 in cancer cells
interacts with platelet GPVI, supporting metastasis of
breast and colon cancer cells [10]. Given the common
feature of renal TECs death during AKI, damaged cells
release many risk-related pattern molecules, which fur-
ther exacerbate inflammation [22]. Therefore, it was
hypothesized that galectin-3, released from renal TECs,
interacts with platelet GPVI to further promote the
progression of FA-AKI. To test this hypothesis, immu-
nohistochemical staining was performed on renal sec-
tions. The findings indicated that galectin-3 levels were
significantly elevated in the kidneys of FA-AKI mice
compared to the control mice (Fig. 4A, B). The results
obtained from ELISA, q-PCR and Western blot were
consistent (Fig. 4C-F). Immunofluorescence stain-
ing of keratin CK18 and laminin, in conjunction with
galectin-3, further confirmed that renal TECs highly
expressed galectin-3 compared to other cells during FA-
AKI (Fig. 4G, Fig. S3). To further prove our hypothesis,
we constructed an AKI cell model using mouse renal
TECs TCMK-1 by repeated freeze-thawing in vitro. The
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Fig. 1 Platelet activity is increased in AKI. (A) The scheme of FA-induced AKI model. Histopathological examination of the kidneys was performed using
H&E staining. Arrow indicates renal tubular damage. Scale bars, 50 uM (n=5). (B-C) Serum creatinine (CRE) and blood urea nitrogen (BUN) levels (n=5).
(D-E) Renal tubular injury scores and kidney/body weight ratio (n=5). (F-G) Flow cytometry analysis of p-selectin expression in platelets of control mice
and FA mice (n=5). (H-1) Platelet aggregation assay for each group (n=5). (J-K) Platelet ATP secretion assay for each group (n=>5). (L-M) Representative
images of clot retraction at 0, 20, 40, and 60 min (n=5). (N-O) Representative images of washed platelets spread on fibrinogen. Scale bars, 20 uM (n=5).
Data are presented as mean + SD. The statistical tests were performed using t test. *P<0.05,**P<0.01,***P < 0.001, ***P<0.0001 vs. Ctrl. Ctrl, Control; FA,

FA-induced AKI
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Fig.2 GPVlincreases in AKl platelets. (A-B) Flow Cytometry analysis of GPVI expression on platelets of control and FA mice (n=5). (C-D) Western blot de-
tection of platelet GPVI protein expression level (n=6). (E-F) FA and control platelets were lysed for immunoblotting. Primary antibodies we used included
p-Syk, p-PLCy2, Syk, and PLCy2 (n=6). Data are presented as mean + SD. The statistical tests were performed using t test. *P < 0.05, **P < 0.01, ***P < 0.001,

#*%%P < 0.0001vs Ctrl. Ctrl, Control; FA, FA-induced AKI

ELISA results showed that damaged renal cell TCMK-1
released large amounts of galectin-3 (Fig. 4H). Previ-
ous research has demonstrated that DNA derived from
necrotic cells induces platelet activation and enhances
the interactions between platelets and granulocytes. This
process further exacerbates kidney inflammation and tis-
sue damage [23]. Given the increased platelet activation
and elevated GPVI expression in FA-AKI, we aimed to
investigate how galectin-3 released from damaged renal
cells influences platelet activation. Damaged kidney cell
(DTEC) was obtained by multiple freeze-thaw cycles in
vitro. Subsequently, mice platelets were incubated with
the supernatant derived from DTEC. The analysis of flow
cytometry indicated that DTEC supernatant enhanced

the expression of P-selectin in a dose-dependent man-
ner. However, this effect was inhibited by lactose, which
is known to act as an inhibitor of galectin-3 (Fig. 41, J).
The above results indicated that galectin-3 released from
damaged renal TECs contributed to platelet activation. In
addition, Western blot analysis revealed that mice plate-
lets induced a CRP-like pattern of tyrosine phosphoryla-
tion after galectin-3 stimulation. It was characterized by
an increase in phospho-Syk and phospho-PLCy2. The
SEK inhibitor PP2 and the anti-GPVI antibody JAQ1
F(Ab’), significantly reduced galectin-3-induced phos-
phorylation of Syk and PLCy2 signaling (Fig. 4K-M). In
conclusion, these results demonstrated that galectin-3
released from injured renal TECs can induce platelet
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activation and trigger its downstream signaling pathways

through interaction with platelet GPVL

The interaction between GPVI and galectin-3 increases
MPA in AKI

Consider that activated platelets readily interact with
other immune cells in circulation. To validate this, MPA
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(See figure on previous page.)

Fig. 4 TECs derived galectin-3 induces platelet activation through GPVI pathway. (A-B) Immunohistochemical staining and quantifications of galectin-3
in kidney. Arrow indicates positive staining. Scale bars, 50 uM (n=6). (C-D) Plasma and mRNA levels of galectin-3 in kidney (n=5). (E-F) Western blots and
quantifications of galectin-3 protein level in kidney (n=6). (G) Representative images of immunofluorescence staining of keratin CK18 and Laminin with
galectin-3 in the kidney after FA-AKI. Arrow indicates co-localization of CK18 and Laminin with galectin3. Scale bars, 20 uM (n=5). (H) ELISA detection of
galectin-3 concentration in TCMK-1 medium under repeated freeze-thawing (n=4). (I-J) Washed platelets (50 x 10%/ml) were stimulated with different
volumes of supernatant of damage tubular epithelial cells (DTECs) in the presence or absence of lactate (10uM) and expressed as DTEC: PLT ratio. Platelet
CD62p expression was analyzed by flow cytometry (n=3). (K-M) Western blots and quantifications of protein phosphorylation induced by galectin-3
(20 pg/L) with or without CRP (0.1 pg/ml), JAQ1 F(Ab"), (20 pg/ml) and PP2 (10umol/L) pre-treatment (n=6). Data are presented as mean + SD. The statisti-
cal tests were performed using t test and one-way ANOVA (J, L and M). *P<0.05, **P<0.01, ***P < 0.001, ****P < 0.0001 vs. Ctrl; ####P <0.001 vs. DTEC: PLT

(3:1)/galectin-3. ns indicates no significance. Ctrl, Control; PLT, platelet; CRP, collagen-related peptide

characterized by Ly6C*CD41* double-positive gates sub-
populations were evaluated in flow cytometry, as mono-
cytes are known to be a key driver of FA-AKI. MPA was
significantly increased in FA-AKI mice compared with
the control mice (Fig. 5A, B), suggesting that activated
platelets in FA-AKI readily bind to monocytes. Notably,
the Ly6C"CD41" cell population was significantly asso-
ciated with plasma levels of galectin-3 (Fig. 5C). Given
the increased expression of platelet GPVI in FA-AK]I,
the present study aimed to block this receptor to assess
its impact on MPA levels. The results showed a signifi-
cant decrease in MPA levels in AKI after treatment with
JAQ1 F(ab’),, a specific inhibitor of platelet GPVI, com-
pared with IgG F(Ab")2 control (Fig. 5D, E). Then, whole
blood from GPVI knockout and littermate control mice
was collected, and MPA levels were assessed by flow
cytometry after stimulation with recombinant galectin-3
protein. The results revealed that MPA levels were signif-
icantly elevated in whole blood of galectin-3-stimulated
littermate control mice. In contrast, MPA levels were
significantly decreased in platelet GPVI knockout mice
(Fig. 5F, G). These findings further suggested that galec-
tin-3 interacted with platelet GPVI to promote MPA for-
mation in FA-AKL

GPVI-galectin-3 interaction polarizes monocytes to M1
pro-inflammatory macrophages

In septic mice, platelets induce monocytes to adopt an
M1 phenotype through the GPIb-CD11b pathway in a
manner that relies on direct cell-to-cell contact [24]. In
contrast, the aggregation of platelets induced by tumor
cells enhances the lung metastasis of malignant mela-
noma through tumor-educated platelets (TEPs). This
process leads to the recruitment of tumor-associated
macrophages (TAM), contributing to the polarization
of TAM towards the M2 phenotype and remodeling the
suppressive immune microenvironment within the lung
metastases [25]. Monocyte migration is a fundamental
process. Therefore, this study aimed to elucidate whether
the interaction between galectin-3 and platelet GPVI can
induce monocyte migration. As shown in (Fig. 6A, B), in
the presence of galectin-3, more Raw264.7 cells cross the
polyester membrane in the Gp6*/* group compared to the
Gp6~/~ group. Pro-inflammatory macrophages (M1-type)

are characterized by the secretion of pro-inflammatory
cytokines. Its characteristics are the increased levels
of CD86 and decreased levels of CD206, which play an
essential role in the uptake and destruction of pathogens
[26]. In contrast, M2 macrophages have elevated CD206
expression and reduced CD86 levels and play a cru-
cial role in tissue repair by transmitting regulatory sig-
nals [27]. Given the functional relevance of macrophage
populations in the progression of AKI, platelets were co-
cultured with monocytes in the presence or absence of
galectin-3 for 24 h. And then platelets were removed by
washing. Platelets were observed for their ability to regu-
late macrophage differentiation, polarization, and func-
tion. Before washing, approximately 30% of Raw264.7
coated with platelet aggregation, which was reduced to
<5% after washing (Fig. S2 A, B). It was also investigated
whether these effects were influenced by the knockout
of platelet GPVI. As shown in (Fig. 6C-E), monocytes
co-cultured with 20 pg/L galectin-3, as well as platelets
alone, did not induce monocyte polarization. In contrast,
the Gp6*/*-PLT +galectin-3 group facilitated differen-
tiation towards M1-type macrophages, as evidenced by
reduced CD206 levels and increased CD86 expression.
Notably, platelet GPVI knockout reversed this effect. On
the other hand, the wound healing response of mouse
brain microvascular endothelial cells (bEnd.3) to stimula-
tion by macrophage-conditioned medium was evaluated
as a readout of the anti-inflammatory M2 response. The
experimental flow chart is presented in (Fig. 6F), where
the Gp6*/*-PLT + galectin-3 group significantly impaired
the healing capacity of endothelial cells compared with
the control, but platelet GPVI knockout improved the
healing capacity (Fig. 6F, G). This implied that GPVI-
galectin-3 inhibited the polarization to M2 macrophage.
Moreover, FITC-labeled dextran phagocytosis experi-
ments, a classical M1 response, were conducted. Nei-
ther platelets nor galectin-3 alone enhanced macrophage
phagocytosis. However, the simultaneous presence of
Gp6*/*-PLT and galectin-3 significantly increased the
activity of macrophages. In contrast, the phagocytic
activity of macrophages was notably reduced when
platelet GPVI was knockout (Fig. 6H, I). These findings
suggested that the interaction between galectin-3 and
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platelet GPVI promoted the polarization of monocytes to
an M1 pro-inflammatory phenotype.

MPA induces apoptosis and DNA damage in renal tecs

It was investigated whether the formation of MPA after
platelet activation by galectin-3 aggravated AKI. As illus-
trated in Fig. 7A, Raw264.7 cells were co-cultured with
platelets for 24 h in the presence or absence of galectin-3.
TCMK-1 was cultured in extracted conditioned medium
to assess apoptosis and DNA damage. Flow cytometry
and TUNEL staining revealed that supernatants from
resting platelets co-cultured with Raw264.7 cells did not
induce apoptosis in TCMK-1 cells. However, the apopto-
sis rate of TCMK-1 significantly increased after the addi-
tion of galectin-3 (Fig. 7B-E). In addition, Western blot
analysis demonstrated that galectin-3-activated platelets
supernatant co-cultured with Raw264.7 cells enhanced
the expression of the pro-apoptotic protein Bax in
TCMK-1, while decreasing the level of the anti-apoptotic
protein Bcl2 (Fig. 7G-H). Histone H2AX is a derivative
of histone H2A protein, which is widely used to indicate
DNA damage by triggering phosphorylation (y-H2AX) at
the Ser139 site when DNA is damaged. Immunofluores-
cence and Western blot results showed that supernatants
from Raw264.7 co-cultured with platelets with galectin-3
induced DNA damage in TCMK-1 compared with con-
trols (Fig. 7I-L). Together, these results could provide
evidence that MPA formation after platelet activation by
galectin-3 can drive the progression of AKI.

Blocking galectin-3-GPVI interaction reduces platelet and
macrophage infiltration and alleviates AKI

To investigate the interaction between galectin-3
and platelet GPVI in the treatment of AKI, we fur-
ther explored the role of TD139 in a folic acid-induced
GPVI knockout mouse model and the littermate con-
trol. TD139 is a galectin-3 inhibitor currently in clinical
trials in idiopathic pulmonary fibrosis [28]. As shown in
(Fig. 8A), TD139 (15 mg/kg) was administered by intra-
peritoneal injection 12 h before the folic acid injection.
The survival time of mice in the TD139-treated and GPVI
knockout groups was significantly prolonged compared
with that in the control group (Fig. 8B). In addition, BUN,
CRE, tubular injury and collagen deposition exhibited a
consistent pattern of improvement. However, the com-
bination of GPVI deficiency with TD139 treatment did
not further improve renal function (Fig. 8C-G). Immu-
nofluorescence analysis of mouse kidney tissues showed
reduced infiltration of CD41 platelets (yellow) and CD68
macrophages (green) following inhibition of galectin-3
interaction with platelet GPVI (Fig. 8C, H). Furthermore,
mRNA levels of inflammatory factors IL-1B, IL-6, and
TNF-a were correspondingly decreased in renal tissues
(Fig. 8I-K). In conclusion, these findings indicated that
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blocking the interaction of galectin-3 with platelet GPVI
may reduce renal burden and alleviate AKI.

Discussion

Anti-platelet therapy is an adjunctive therapy for AKI
and is aimed at mitigating renal dysfunction [29, 30]. It
is increasingly recognized that interactions between renal
tubular damage, platelets and immune cells are criti-
cal drivers of AKI progression, but the complex mecha-
nisms of platelet activation following renal injury remain
poorly understood. Our investigation utilizing a folic
acid-induced AKI model revealed a significant release
of galectin-3 from damaged renal tubules. The galec-
tin-3 interacted with platelet GPVI to activate platelet.
This interaction promoted the formation of monocyte-
platelet aggregates and induced reprogramming of
monocytes to the pro-inflammatory M1 macrophage
phenotype, thereby exacerbating AKI. Notably, genetic
deficiency of GPVI or application of the galectin-3 inhibi-
tor TD139 ameliorated AKI (Fig. 9). Our study under-
scores the function of the galectin-3-GPVI interaction in
AKI pathophysiology. The results of this study suggested
that targeting galectin-3-GPVI interaction may provide a
novel therapeutic strategy in AKI treatment.

Platelet GPVI is a crucial platelet surface receptor that
plays a vital role in platelet activation and coagulation
[5]. Previous studies have shown that under inflamma-
tory conditions, GPVI may also enhance vascular per-
meability by mediating platelet adhesion to inflamed
microvessels [31]. In addition, Saori’s study demonstrated
that heme-bound platelets GPVI and activated platelets
induced macrophage extracellular trap generation to
promote rhabdomyolysis-induced deterioration of acute
kidney injury [8]. In the present experiments, we found
for the first time that platelet hyperactivation in FA-AKL
We further found that platelet membrane receptor GPVI
expression was upregulated, and AKI were alleviated in
platelet GPVI-specific knockout mice. These results indi-
cated that platelet GPVI played a key role in FA-AKIL
However, the mechanism of upregulation of platelet
GPVI expression in AKI will be further elucidated in the
future.

Renal tubular cells are an important component of the
kidney, and their necrosis is one of the main features of
AKI [22]. A recent study showed that necrotic renal tubu-
lar cells release extracellular DNA to activate platelets,
leading to increased platelet and granulocyte crosstalk
in disease progression [23]. Galectin-3 is expressed in a
variety of cells and regulates intercellular communica-
tion. Galectin-3 is a 26 kDa lectin belonging to the galec-
tin family, which is related to B-galactopyranoside [32].
Galectin-3 has a diverse expression and function in renal
disease and may exhibit different or even opposite effects
in different renal inflammatory conditions. For example,
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in primary glomerulonephritis, galectin-3 has a potential
therapeutic role, whereas in secondary glomerulonephri-
tis caused by systemic lupus erythematosus, galectin-3
may be associated with acute inflammation [33]. Recent
studies have shown that tumour cell-derived galectin-3
interacts with platelet GPVI to promote tumour cell
metastasis [10]. The expression, localization and role of

galectin-3 within the kidney were explored in this study.
We found that its expression was significantly elevated in
the kidneys of mice suffering from FA-AKI, with immu-
nofluorescence staining verifying its primary localiza-
tion in renal tubular epithelial cells. In vitro experiments
showed that galectin-3, released from damaged renal
tubular cells, interacted with platelet GPVI, leading to
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platelet activation. In contrast, inhibiting GPVI coun-
teracted the platelet activation triggered by galectin-3.
Previous research indicated that the overexpression of
galectin-3 notably decreased cell viability and led to cell
cycle arrest, and the inhibition of galectin-3 through the
use of modified citrus pectin (MCP) mitigated this pro-
apoptotic impact and enhanced renal function [34, 35].
Consistent with this, we found that TD139, a potent
galectin-3-specific inhibitor, significantly improved renal
function in AKI mice. These results may elucidate the
renoprotective effects of TD139.

Over the past decade, studies have shown that mono-
cyte-platelet aggregates formed by platelet activation play
a key role in inflammation and thrombosis, including
cardiovascular disease [36], diabetes [37] and liver cir-
rhosis [38]. In individuals diagnosed with type 2 diabe-
tes, the levels of MPA are notably elevated compared to
healthy individuals. This elevation may serve as an indi-
cator of early inflammation associated with diabetes [37].
Although MPA has the potential to serve as a biomarker
for inflammation and thrombosis-related diseases, its
presence in circulation, as well as in the kidney following
acute kidney injury, has not yet been demonstrated [36].
In our study, it was demonstrated for the first time that
the generation of MPA in circulating of mice following
folic acid treatment. With Ly6C and CD41 as the mark-
ers of MPA formation, it is significantly correlated with
plasma galectin-3. The enhancement of apoptosis and
DNA damage in renal tubular cells induced by MPA was
further corroborated through in vitro experiments. These
findings provide the first evidence that MPA exacerbates
the progression of FA-AKI.

It has been shown that galectin-3 is involved in the
macrophage activation process through interactions
with different cell surface receptors such as TLR4 and
TREM2 [39]. However, the present study suggested that
galectin-3 alone induced limited macrophage polariza-
tion. Notably, the interaction of platelet GPVI with galec-
tin-3 significantly enhanced monocyte migration and
promoted M1 macrophage polarization. These findings
indicated that galectin-3 originating from damaged renal
TECs activated platelet, which triggered the MPA for-
mation in FA-AKI. We experimentally demonstrate that
MPA formation in the circulation contributes to renal
TECs apoptosis and DNA damage in AKI for the first
time.

Conclusion

Taken together, galectin-3 derived from damaged renal
TECs interacts with GPVI to activate platelets promotes
MPA formation and drive macrophage M1 phenotypic
switching. This interaction sustains the vicious cycle
between platelets, MPA, and TECs injury. Interfering
with the interaction of galectin-3 and GPVI to inhibit
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platelet activation may be a novel therapeutic strategy to
ameliorate the progression of AKI.
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